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ABSTRACT
￿
Large changes in the opacity of the unstained mouse neurohy-
pophysis follow membrane potential changes known to trigger the release of
peptide hormones . These intrinsic optical signals, arising in neurosecretory
terminals, reflect variations in light scattering and depend upon both the
frequency of stimulation and [Ca
21J.. Their magnitude is decreased in the
presence ofCa2' antagonists and by the replacement of H2O in the medium by
D20 . Theseobservations suggest acorrespondence between the intrinsic optical
changes and secretory activity in these nerve terminals .
INTRODUCTION
The release of neurotransmitter substances from vertebrate nerve terminals
occurs within milliseconds of membrane depolarization (Katz, 1969) and is
detected experimentallythrough the electrical consequences oftransmitter bind-
ing to receptors in the postsynaptic membrane . The study of excitation-secretion
coupling at vertebrate nerve terminals and elsewhere would be powerfully
facilitated if it were possible to monitor directly both the intracellular potential
change and the secretory event itself, with appropriate temporal resolution .
Conventional electrophysiology and biochemical assays (Petersen, 1980 ; Poulain
and Wakerley, 1982 ; Douglas, 1978 ; Nordmann, 1983) offer complementary
insights into neurosecretory behavior, but rapid detection of the secretory event
itself is absent .
The vertebrate hypothalamo-neurohypophysial system represents a classical
model for the study of excitation-secretion coupling at nerve terminals (Douglas,
1963, 1978 ; Douglas and Poisner, 1964 ; Nordmann, 1983 ; Poulain and Wak-
erley, 1982). Magnocellular neurons located in the hypothalamus (supraoptic
and paraventricular nuclei in mammals ; preoptic nucleus in lower vertebrates)
project their axons as bundles of fibers through the median eminence and
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infundibular stalk to terminate in the neurohypophysis, where the neurohypo-
physial peptidesandproteinsare secretedinto the circulation. Biochemicalassays
of the calcium-dependent release of peptide hormones have been conducted
under a variety of experimental conditions (Douglas, 1963, 1978; Douglas and
Poisner, 1964; Nordmann, 1983; Poulain and Wakerley, 1982). Although the
nerve terminals of the neurohypophysis are very small (0.5-1.0 Am), we have
shown recently (Salzberg et al., 1983; Obaid et al., 1983) that it is possible, using
extrinsic optical methods based upon linear potentiometric probes, to record
action potentials from synchronously activated populations of terminals in the
intact amphibian and mammalian neurohypophysis. In the frog, these recordings
provided evidence for sodium and calcium components, and revealed the pres-
ence of an afterhyperpolarization that probably reflects a calcium-mediated
potassium conductance (Salzberg et,al., 1983; Obaid et al., 1985).
We demonstrate here that large intrinsic optical signals accompany and im-
mediately follow the action potential in the terminals ofthe unstained neurohy-
pophysis of the CD-1 mouse. These signals, recorded without averaging as
transmitted intensity (transparency) changes in the image plane ofa compound
microscope, reflect variations in large-angle light scattering rather than absor-
bance. A component of the optical signal appears to mark the arrival of the
impulse in the terminals, while a larger component seems to monitor an early
event in the neurosecretory process. The fractional changes in transparency, in
the latter case, depend upon the frequency of stimulation and [Ca"], and are
diminished in the presence of Ca2' antagonists and D20. Some of these results
have appeared in preliminary form (Salzberg et al., 1984; Obaid et al., 1984).
METHODS AND RESULTS
Optical Detection ofSecretory Events in Nerve Terminals
Fig. 1 A shows an optical recording (Cohen and Salzberg, 1978; Salzberg, 1983 ;
Grinvald, 1985) ofa train of action potentials in a population ofnerve terminals
in theneurohypophysis ofthe CD-1 mouse (Charles River Breeding Laboratories,
Wilmington, MA). The preparation had previously been incubated in a Ringer's
solution (in mM: 154 NaCl, 5.6 KCI, 1 MgC12, 2.2 CaC12, 10 glucose, 20 HEPES,
adjusted to pH 7.4 with NaOH) containing 0.1 mg/ml of the potential-sensitive
merocyanine-oxazolone dye NK 2367 (Salzberg et al., 1977). The method that
we have used for multiple-site optical recording is described fully elsewhere
(Salzberg et al., 1977, 1983; Grinvald et al., 1981). Here the neurointermediate
lobe of the mouse pituitary was imaged onto a photodiode matrix array using a
10x, 0.4 numerical aperture (NA) objective (Wild Heerbrugg Instruments, Inc.,
Farmingdale, NY) modified for pseudo-water immersion by sealing the front
element, and the extrinsic absorption changes that monitor action potentials in
the terminals (Salzberg etal., 1983; Obaid etal., 1983)wereconfined to elements
of the photodetector array that correspond to the neurohypophysis. The record
in Fig. 1A represents the change in transmitted light intensity at 675 nm,
monitored in a single sweep by one channel of a 124-channel, computer-based
system for multiple-site optical recording oftransmembrane voltage (MSORTV)
(Salzberg et al., 1977, 1983; Grinvald et al., 1981, 1982; Senseman et al., 1983),SALZBERG ET AL .
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during seven stimulations of the axons of the infundibular stalk at 16 Hz . The
fibers of the infundibular stalk branch extensively and their terminals constitute
most of the excitable membrane in the pars nervosa (Dellman, 1973 ; Nordmann,
1977 ; Castel et al ., 1984) . The trace in Fig . 1A exhibits a gradual decline in the
baseline, followed by recovery, having the appearance of a transient hyperpolar-
ization. The constant size of the action potential upstroke, however, suggests
that this apparent hyperpolarization may not represent a change in membrane
potential . Fig. 1B shows a single trial recorded by the same detector element,
except that the measuring wavelength was 540 nm . At this wavelength, the
potential-dependent absorption change exhibited by NK 2367 is known to be
opposite in sign to that observed at 675 nm (Senseman and Salzberg, 1980) .
Notice, however, that although the optical spikes are reversed in sign, the slow
component of the signal is essentially unchanged . This weak dependence on
wavelength of the slow component of the optical trace suggested that it might
reflect a change in light scattering .
Fig . 1 C illustrates an identical experiment, carried out on another mouse
neurohypophysis, before staining. Here the dye-dependent extrinsic absorption
signal that depends upon membrane potential is absent, revealing a series of
increases in transmitted light intensity (downward deflections of the trace), each
preceded by a transient decrease in transparency (upward deflection) occurring
at the time of the action potential . This experiment employed a relatively long
AC coupling time constant (3 s) in order to minimize the distortion of the time
course ofthe optical signal . Nonetheless, the tendency toward recovery following
the train of stimuli is largely an artifact of the coupling time constant . A similar
experiment is illustrated in Fig . I D, in which a digital sample-and-hold circuit,
consisting of 12-bit analog-to-digital and digital-to-analog converters connected
in series (Senseman and Salzberg, 1980), is used instead of capacity coupling .
This method avoids anyAC distortion of the signal, which is observed to remain
nearly constant for seconds after the cessation of the stimuli .
Fig. 1E illustrates the wavelength dependence of these intrinsic optical signals
between 600 and 860 nm, corrected for the spectral efficiency of the apparatus .
Thewavelength rangewas selected to exclude majorabsorption peaks ofintrinsic
pigments, e.g ., hemoglobin . The fractional change in transmitted intensity ex-
hibits a gradual decline with increasing wavelength, which is consistent with a
change in light scattering . All components of the optical signals were eliminated
when the neurophypophysis was depolarized with KCl (not shown) .
Optical techniques that employ visible light, especially those that rely upon
intrinsic optical changes that require no exogenous probes, offer unique capabil-
ities in terms of resolution in time and space, combined with a gentleness that
permits the nondestructive measurement of many cellular and subcellular pro-
cesses . In particular, light-scattering methods have been applied to biological
systems, in vitro and in vivo, since Tyndall (1876) (see Earnshaw and Steer,
1983), and have played a role in a variety of recent efforts to study changes in
neuron structure during action potential propagation and synaptic transmission
(Cohen, 1973) . Cohen and Landowne (1970) reported small (8 x 10-7) changes
in light scattering in the skate electric organ that appeared to be presynaptic in
origin, and Shaw and Newby (1972) detected calcium-dependent movement inTHE TOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 - 1985
FIGURE 1 .
￿
Extrinsic and intrinsic optical changes recorded from nerve terminals
in the neurohypophysis of the mouse . (A) Changes in the extrinsic absorption at
675 nm (52 nm full width at half-maximum) of nerve terminals after staining for
25 min in 0.1 mg/ml NK 2367 . A single train of 500-,us (60 V) stimuli at 16 Hz was
delivered to the posterior pituitary through the axons of the infundibulum for 400
ms . The resulting changes in transmitted light intensity are shown, recorded by a
single element ofa 144-element photodiode matrix array, with an upward deflection
of the trace, here, and in succeeding figures, representing a decrease in intensity .
The AC coupling time constant for the light measurement was 400 ms . The
fractional changes in light intensity during the action potentials were ^"0 .3% . Single
sweep. MPP013 . (B) Same experiment as in A, except that the transmitted intensity
was monitored at 540 Inn (60 nm full width at half-maximum) . At this wavelength,
the voltage-dependent extrinsic absorption change exhibited by the merocyanine-
oxazolone probe NK 2367 is known to be opposite in sign to that observed at 675
nm . MPP013 . (C) Intrinsic optical changes recorded at 675 nm (52 nm full width
at half-maximum) from the nerve terminals of an unstained neurohypophysis . The
preparation was stimulated as in A, and the resulting changes in transmitted light
intensity recorded by a single element of the photodetector array are shown. Here,
again, an upward deflection of the optical trace represents a decrease in transmitted
light intensity or an increase in opacity. This is probably equivalent (see_ panel E) to
an increase in large-angle light scattering. The AC coupling time constant for the
light measurement was 3 s . The intrinsic optical signal, resulting from the train of
stimuli shown here, corresponds to a fractional change in intensity of ^-0.2% . SingleSALZBERG ET AL .
￿
Light-scattering Changes in Vertebrate Nerve Terminals
￿
399
a thoracic ganglion of a locust (Schistocerca gregaria) by monitoring the power
spectrum of "twinkling" (light beating) produced by scattered laser light (see also
Piddington and Sattelle, 1975 ; Englert and Edwards, 1977) . These preliminary
reports, however, have not been pursued.
In the absence of potentiometric dye staining of the terminals of the neuro-
hypophysis, two intrinsic optical signals, illustrated in Fig . 1 C, are evident after
each stimulus . The rapid upward deflection of the trace (decrease in transpar-
ency), which we term the "E-wave," appears to coincide with the arrival of the
action potential at the terminals (cf. Fig . 1 A), while the subsequent increase in
transparency, the "S-wave," appears to correspond to a slowerand longer-lasting
process occurring in the nerve terminals . Several lines of evidence suggest that
this latter intrinsic optical signal (Fig . 1, C and D) is closely correlated with the
secretory process . If this association is more than accidental, we would anticipate
that the later changes in transparency (but not the E-wave) would exhibit certain
properties that characterize neurosecretory systems in general and the release of
neuropeptides in particular, viz ., dependence on stimulation frequency, with
marked facilitation, dependence on extracellular Ca" concentration, and sensi-
tivity to Ca2' antagonists and to various pharmacological procedures known to
influence secretion (see below) .
The frequency dependence of the transparency changes (intrinsic optical
signals), which we refer to henceforth as "light scattering" (see Discussion), is
illustrated in Fig. 2 . In each panel, the stimuli are delivered to the neurohy-
pophysis for 400 ms, but at different frequencies . Panels A-D show a mono-
tonic increase in the total size of the light-scattering change with number of
stimuli . The size of the fractional change in light scattering per stimulus (Blight
scattering(5o_46o .,)IN) varies with frequency, reaching a broad maximum at
between 8 and 16 Hz . Fig. 2D demonstrates the tendency of the total optical
change to saturate at very high stimulation rates . In each instance, a marked
facilitation of the optical response is evident between the first and second
stimulus. Panel E was obtained under conditions identical (16 Hz) to those of
panel C, except that 1 mM CdCl2 was added to the bath for 15 min before the
single trial recorded here. Cadmium ions are known to block calcium currents
in a variety of preparations (see, for example, Standen, 1981) and they have
recently been shown to block a calcium component of the action potential in
nerve terminals in the neurohypophysis of Xenopus (Salzberg et al ., 1983 ; Obaid
et al ., 1985) . In Fig . 2E, Cd2+ is seen to block >90% of the S-wave (downward
sweep . MPP042 . (D) Experiment similar to C, except that the optical signal was DG
coupled using a digital sample-and-hold circuit that eliminated the distortion intro-
duced by capactitative coupling. Unstained preparation, 675 nm (52 nm full width
at half-maximum) . Single sweep. MPP067 . (E) Wavelength dependence between
600 and 860 nm of the intrinsic optical changes recorded from nerve terminals of
the unstained mouse neurohypophysis . The fractional intensity changes have been
corrected for the efficiencies of the apparatus and for the gradual deterioration of
the preparation . The stimulus trains were delivered at 3-min intervals . All trials
were carried out in normal Ringer's solution . The rise time of the light-measuring
system (10-90%) was 1 .1 ms . MPP061 .400 THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 - 1985
deflection of the trace ; decrease in opacity) of the scattering change without
significantly affecting the rapid upstroke (E-wave) that occurs coincidently with
the action potential . The plot in Fig. 3 summarizes the dependence of the
magnitude of the light-scattering change on the rate and number of stimuli and
also includes the effect of barium ions (see below) .
FIGURE 2.
￿
Frequency dependence and Cds' block of the light-scattering change
in nerve terminals . (A-D) Intrinsic optical signals at 675 nm resulting from stimu-
lation oftheterminals ofthemousepars nervosa at 4, 8, 16,and 32 Hz, respectively,
for 400 ms, in normal Ringer's solution . (E) Experiment identical to that in C,
except that the intrinsic optical signal was recorded 15 min after the addition of I
mM Cd2' to the Ringer's solution bathing the neurohypophysis . AC coupling time
constant, 3 s; rise time of the light-measuring system (10-90%), 1 .1 ms. Tempera-
ture, 23°C . MPP036 .
Effects ofExtracellular Calcium
Calcium ion profoundly influences neurosecretory activity (e.g ., Katz, 1969 ;
Douglas, 1978 ; Dodge and Rahamimoff, 1967) and the extracellular concentra-
tion of this ion would be expected to modulate the size of an intrinsic optical
signal related to secretion from the terminals of the neurohypophysis . Fig . 4
shows the effect of [Ca211. on the light-scattering signal evoked by stimulation of
the infundibulum at 10 Hz for 400 ms . Traces A-F, which are each the average
of 16 sweeps, were obtained in the alphabetical order shown. The effect of
calcium concentration is apparent, and the blockade of the optical signal by 0.2SALZBERG ET AL .
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mM Cd2+ in Fig. 4F is dramatic . Calcium ion, of course, has other effects,
including a direct effect on excitability (e.g., Frankenhaeuser and Hodgkin,
1957), and these must be considered . To eliminate the effects of threshold
variation, the stimuli were supramaximal in each instance . Examination of the
records in Fig . 4 (compare, for example, B and D) reveals significant differences
in the amplitudes of the E-waves that precede each S-wave in the light-scattering
signal and coincide in time with the terminal action potential . The E-wave











Fractional change in transparency between50 and460ms, asafunction
of stimulation frequency, after stimulation for 400 ms . The data are not corrected
for the absolute number of stimuli. At 16 Hz, data are also plotted for three trials
from the same experiment, in which 1 mM Cd2+ was added to the bath (t,), 2.2mM
Bat+ was substituted for the Ca" in the bath (0), and 2.2 mM Ba21 was added to
the normal Ringer's solution (O);", control . A-E were single sweeps. Parameters
are as in Fig . 2. MPP036 .
cadmium .We suggest that this very early intrinsic optical change (E-wave) reflects
the arrival of the action potential at the terminals of the neurohypophysis, and
we have assumed that, as a compound optical signal, its size is roughly propor-
tional to the number of terminals activated at a given time . On this assumption,
we have compensated for changes in the invasibility of the tissue resulting from
changes in extracellular calcium by normalizing the S-wave according to the size
of the initial E-wave . Two kinds of difficulties attend this interpretation. First,
the peak of the E-wave occurs slightly before the peak of the voltage change in
the terminals, as monitored by the voltage-sensitive dyes . Although the extrinsic
absorption signals could be distorted if the dye response exhibited a slow
component, the merocyanine-rhodanine and merocyanine-oxazolone dyes, at the
concentrations used in these experiments, respond in <2 us to step changes in402
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membrane voltage (Bezanilla, F .,A . L . Obaid, and B . M . Salzberg, unpublished
observations) . If the E-wave depended on inward current, it might be expected
to reach a maximum at the time of the maximum rate of rise of the extrinsic
absorption (voltage) signal . In fact, the time to peak of this early component of
FIGURE 4.
￿
Effects ofextracellular calcium on the light-scattering changes recorded
from the nerve terminals of the neurohypophysis . (A, C, and E) Light-scattering
changes accompanying stimulation at 10 Hz of an unstained mouse neurohypophysis
in normal Ringer's solution (2.2 mM Ca2+) . (B) Light-scattering changes in the same
preparation 20 min after the reduction of the extracellular calcium concentration
to 0.5mM by Mgt+ substitution . (D) Light-scattering changes in the same prepara-
tion 40 min after exposure to Ringer's solution containing 10 mM Ca21. (F) Light-
scattering changes in the same preparation 10 min after the addition of 0.2 mM
Cd2+ to the bathing solution . Records A-F are each the average of 16 sweeps and
were recorded in the order shown . (G) Traces a (control), 6 (0.5 mM Ca2+), d (10
mM Ca2+ ), andf (0.2 mM Cd2+) are shown superimposed, after normalization to
the height of the first E-wave (see text). AC coupling time constant, 3 s ; rise time of
the light-measuring system (10-90%), 1 .1 ms . Temperature, 24 °C . MPP054 .SALZBERG ET AL.
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the opacity change lies between the time to peak of the voltage change and the
time to peak of the time derivative of the voltage change . This result suggests
that the interpretation of the E-wave will be complicated, and although this
portion of the signal is related to excitation, it may exhibit both current and
potential dependence (Cohen et a1 ., 1972a, b) .
A second potential difficulty involves our assumption that the size of the E-
wave, whether related to voltage or current, is proportional to the number of
active terminals . This cannot be better than approximately correct, since it will
be affected by changes in the magnitude of the upstroke of the terminal action
potential, particularly those resulting from changes in the resting membrane
potential . It will also be sensitive to changes in the temporal dispersion of
excitation of the terminals, and small changes in the size of the factor used for
normalizing the optical signals might seriously distort the quantitative analysis of
the optical signals . On balance, however, under constant stimulation conditions,
the height of the E-wave would seem to provide a rough comparative estimate
of the degree of invasion of the tissue and thereby offer a convenient normali-
zation for the larger light-scattering changes that appear to be related to secretion
(S-wave) . Moreover, none of the qualitative conclusions that follow are affected
by this procedure . Accordingly, Fig . 4G shows records obtained in normal
Ringer's solution (a), together with records obtained in low [Ca"]. (b), high
[Ca211. (d), and normal Ringer's solution to which 0.2 mM Cd2+ was added (f ),
all normalized so as to equalize the sizes of the E-waves . In this way, the effect
of [Ca21].on the light-scattering signal, per active terminal, is demonstrated most
clearly .
Perhaps a more dramatic illustration of the profound effect of extracellular
calcium concentration on the light-scattering signal elicited by electrical stimu-
lation is shown in Fig . 5 . Here, instead of signal-averaged records, single sweeps
are presented (Fig . 5, A-C) and [Ca211. is reduced (Fig . 5B) to 100 AM (with
Mg2+ replacement) . In the low-Ca2+ record, the S-wave is entirely eliminated .
Deuterium Oxide Decreases the Magnitude of the Light-scattering Response to
Stimulation
Heavy water (deuterium oxide) depresses excitation-contraction coupling in
different muscle types (Kaminer, 1960 ; Svensmark, 1961 ; Bezanilla and Horo-
wicz, 1975) and excitation-secretion coupling in a variety of systems including
pancreatic beta cells (Lacy et al ., 1972) . In the pars nervosa of the mouse,
complete (>98%) replacement of the water in the Ringer's solution by D20
resulted in a reduction in the size of the light-scattering signal by ^-60% . Fig . 6
illustrates the effect of D20 substitution on the optical response to stimulation
of the terminals of the mouse neurohypophysis. PanelsA-C show light-scattering
changes at 675 nm obtained during single trials in normal Ringer's solution (A),
30 min in D20-substituted Ringer's solution (B), and 40 min after a return to
normal Ringer's solution (C) . The depression produced by deuterium oxide
seems to reflect primarily a decrease in the light-scattering signal from each
active terminal, which is consistent with earlier observations of the effects of
D20 (Kaminer, 1960 ; Svensmark, 1961 ; Bezanilla and Horowicz, 1975 ; Lacy et404
￿
THEJOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 - 1985
al ., 1972), rather than a decrease in the number of active terminals, as judged
by the small variation in the magnitude of the E-wave . This is demonstrated in
Fig . 6D, where the averages of 16 trials are shown, each record obtained
immediately after the corresponding single trial . These records have been
normalized to the height of the first peak to compensate for small differences in
FIGURE 5.
￿
Reduced extracellular calcium abolishes the S-wave ofthe light-scatter-
ing signal . (A) Light-scattering changes accompanying stimulation at 10 Hz of an
unstained mouse neurohypophysis in normal Ringer's solution (2.2 mM Cas+). (B)
Light-scattering changes in the same preparation 50 min after a reduction of the
extracellular calcium to 0.1 mM by Mgs+ substitution . (C) Light-scattering changes
accompanying stimulation at 10 Hz in the same preparation 30 min afteran increase
in (Ca"]. to 5 mM . Records A, B, and C were each recorded in a single sweep . (D)
Averages of 16 trials recorded under the same conditions as traces A, B, and C.
Theserecords were obtained immediately after the corresponding single trains, and
are shown here normalized to the height of the E-wave (see text). AC coupling time
constant, 3 s; rise time of the light-measuring system (10-90%), 1 .1 ms. Tempera-
ture, 24-26°C. MPP057 .
the number of active terminals . It should be noted that replacement of water
with deuterium oxide produces a shift in the true pD, compared with the value
measured with a glass pH electrode (Glascoe and Long, 1960), of -0.4 pD units
in the "alkaline" direction . To control for the possibility that the depression of
the light-scattering change shown in Fig. 6 resulted from apD shift, we repeated
these experiments in normal Ringer's solution with its pH adjusted to 8 .0 . This
had no effect on the normal light-scattering signals .SALZBERG ET AL .
￿
Light-scattering Changes in Vertebrate Nerve Terminals
￿
405
Effect ofIncreasing the Extracellular Volume Fraction with Hypertonic Medium
Rendering the Ringer's solution bathing the neurohypophysis hypertonic with
sucrose is expected to increase the volume of the extracellular space by shrinking
the terminals transiently. We might detect this effect qualitatively in several
different ways, but perhaps the simplest would be to note the effect of hyperto-
FIGURE 6 .
￿
Depression of the light-scattering changes by D20. (A) Light-scattering
changes at 675 nm after a single train of stimuli delivered to the neurohypophysis
at 16 Hz for 400 ms, in control Ringer's solution . Single sweep . (B) Light-scattering
changes at 675 nm in the same preparation 31 min after the substitution of>98%
of the H2O in the Ringer's solution byD20. Single sweep. (C) Same as A, 41 min
after a return to normal Ringer's solution . Single sweep . (D) Light-scattering
responses to single stimuli, obtained immediately after the corresponding trains .
The records are shown superimposed after normalization to the height of the E-
wave. Averages of 16 sweeps, stimulated every 5 s . AC coupling time constant, 3 s;
rise time of the light-measuring system (10-90%), 1 .1 ms . Temperature, 23°C.
MPP071 .
nicity on the effect of extracellularpotassium accumulation (Frankenhaeuser and
Hodgkin, 1956) . Fig. 7 illustrates this effect indirectly, in a neurohypophysis that
had been stained with the merocyanine-oxazolone dyeNK 2367 (Salzberg et al .,
1977) . Fig . 7A shows the sum of the extrinsic absorption change, representing
membrane potential, and the light-scattering signal during stimulation at 16 Hz
for 400 ms in normal Ringer's solution . The decrease in the overall size of the
action potential (20% between the first and last spike in the train) suggests that
in this preparation, sufficient potassium is accumulating extracellularly to affect406
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the undershoots of the action potentials, but that this effect is masked by the
downward deflection produced by the S-wave of the light-scattering signal . When
the solution bathing the preparation is made 20% hypertonic by the addition of
sucrose, the reduction in spike height is less pronounced (-8%), as though the
effective extracellular volume were increased by the shrinking of the terminals .
The light-scattering signal is, however, not apparently reduced .
FIGURE 7 .
￿
Effects on intrinsic andextrinsic optical signals of increasing the extra-
cellular volume fraction with hypertonic saline . (A) Extrinsic and intrinsic optical
signals at 675 nm recorded in a single sweepduring stimulation at 16 Hz of a mouse
neurohypophysis that hadbeen stained with 25,ug/mlNK 2367 for25 min . Control
Ringer's solution . The progressive decline in the height of the action potentials
probably reflects the accumulation ofK+ in the extracellular space . The downward
light-scattering signal masksthe Frankenhaeuser-Hodgkin effect on the envelope of
the undershoots. (B) Same experiment as in A, after 10 min exposure to a Ringer's
solution made 20% hypertonic by the addition of sucrose . Extracellular accumula-
tion ofK+ is less evident here (nearly constant peak heights and reduced Franken-
haeuser-Hodgkin effect), while the light-scattering component of the signal is not
decreased . Single sweep . AC coupling time constant, 400 ms ; rise time of the light-
measuring system (10-90%), 1 .1 ms . Temperature, 19°C . MPP031 .
DISCUSSION
Connection of the Large Intrinsic Optical Signal to Secretory Events at the Nerve
Terminals
The intrinsic optical signals reported here are closely correlated with the secre-
tory activity of the magnocellular neuron terminals located in the neurohypo-
physis of the mouse. A mechanical artifact associated with the contraction of
vascular smooth muscle cannot be ruled out unequivocally, and indeed such an
effect would be expected to exhibit many of the same properties as an intrinsic
signal related to secretion . However, the time course of the S-wave, the compo-
nent of the light-scattering change that we associate with secretion, would seemSALZBERG ET AL .
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to be too fast by at least an order of magnitude to arise from smooth muscle
contraction . The S-wave reaches its half-maximal value within 7-8 ms of the
application of the stimulus pulse to the region of the pars nervosa where the
infundibular stalk enters (and 3-4 ms after the peak of the extrinsic signal .) Even
neglecting a conduction latency, this is faster than any known mechanical
response of vascular smooth muscle . Similarly, changes related to the terminal
action potential alone do not seem likely to account for the major component of
the optical signal . For example, extracellular accumulation of potassium ion
might give rise to a change in light scattering, mediated by a transport number
effect (Girardier et al ., 1963 ; Barry and Hope, 1969 ; Cohen et al ., 1972b)
resulting froman increased salt concentration immediately outside the terminals .
At least two kinds of evidence make this unlikely . First, the replacement of all of
the calcium in the bath by barium ion reduces the light-scattering signal by only
-50% in 10 min (Fig . 3) ; this occurs despite the fact that barium should not
replace calcium in the mediation of a potassium conductance (gK ,,) (Standen and
Stanfield, 1978 ; Vergara and Latorre, 1983), and barium is likely, in fact, to
reduce the voltage-dependent potassium conductance (Armstrong and Taylor,
1980 ; Eaton and Brodwick, 1980 ; Armstrong et al ., 1982) . Thus, the accumu-
lation of potassium is expected to be severely decreased under these conditions .
On the other hand, extracellular barium does replace calcium in some secretory
systems (Dicker, 1966 ; Rubin, 1974), although it is not as effective . Perhaps
more significant is the observation that the addition of 2.2 mM barium to the
normal complement of extracellular calcium increases the light-scattering signal
(Fig . 3), although, again, potassium accumulation might be expected to be
reduced . (The increase, however, is smaller than that contributed by the addition
of calcium itself, which is consistent with the lesser efficacy ofbarium in effecting
secretion .) The experiment using sucrose (Fig . 7B) also suggests that the light-
scattering signal does not depend primarily on an alteration of extracellular
space, since the effect ofrepetitive stimulation should be smallerunder conditions
in which the terminals are shrunken by the hypertonicity of the bath, but the
light-scattering change was not diminished .
On the other hand, the S-wave transparency changes that seem to reflect rapid
alterations in light scattering are dramatically affected by many of the same
interventions that are known to alter the release of neuropeptides from these
terminals . The dependence on stimulation frequency (Figs . 2 and 3) is in good
accord with evidence obtained in several laboratories suggesting that neuropep-
tide secretion increases with frequency of stimulation (Dreifuss et al ., 1971 ;
Nordmann and Dreifuss, 1972 ; Poulain and Wakerley, 1982 ; and unpublished
data on the mouse neurohypophysis [H . Gainer et al ., manuscript in prepara-
tion]), and the facilitation of the intrinsic optical response seen in virtually all of
the records seems particularly telling . The effect of extracellular calcium con-
centration on the magnitude of the S-wave of the intrinsic optical signal (Figs . 4
and 5) is also in remarkably good agreement with the classical behavior of
secretory systems (Douglas, 1978) . The effect of replacing all of the H2O in the
Ringer's solution by D20, however, has not been reported previously in the
mammalian neurohypophysis . Under these conditions, we found (Fig . 6) a408 THEJOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 - 1985
depression of the light-scattering signal of -60%. Measurements of secreted
vasopressin carried out in one of our laboratories (H. Gainer et al., manuscript
in preparation), using radioimmunoassays, have revealed a nearly identical de-
crease in vasopressin release from the mouse neural lobes in D20 under compa-
rable stimulation conditions.
Another series ofexperiments, carried out in our laboratory together with T.
D. Parsons, has shown that neomycin and other aminoglycoside antibiotics
depress the S-wave (Parsons et al., 1985). This finding is significant because, at
low concentrations, these drugs act presynaptically at the snake neuromuscular
junction and depress evoked transmitter release by competing with [Ca21].
(Fiekers, 1983). Our observation that, forexample, neomycin at 220 /AM concen-
tration in normal Ringer's solution depressed the magnitude of the S-wave by
60% after 11 min provides additional evidence that these agents do act presy-
naptically, since there are no postsynaptic elements in the neurohypophysis, and
that they actas competitiveantagonists of[Ca211. (Parsons et al., 1985). Further,
the compatibility ofthe aminoglycoside effects on the light-scattering changes in
the neurohypophysis, with voltage-clamp data reported from the neuromuscular
junction (Fiekers, 1983), tends to support the interpretation that the S-wave
reflects processes closely related to neuropeptide release.
We have, as yet, no reason to implicate any particular step, amongthe sequence
of events that couples excitation to secretion, in the generation of the large
intrinsic optical signals reported here, and the identity ofthe physiological event
or events responsible remains unclear. The fusion of secretory vesicles during
exocytosis should result in the loss of relatively high refractive index particles
and thereby reduce the refractive index gradients in the terminal. However, the
very early onset of the S-wave suggests that the optical signal could arise as a
result ofsome calcium-dependent process prior to the fusion ofsecretoryvesicles
and the release of their contents. For example, it is possible that the light-
scattering changes reported here reflect a phase transition of the contents ofthe
secretory vesicles, or they may reveal rapid alterations in intracellular calcium
stores after calcium entry but before secretion (Neering and McBurney, 1984).
Thus, the intrinsic optical changes reported here may be related to the transpar-
ency changes observed in cut skeletal muscle fibers (Kovacs and Schneider, 1977;
Rios et al., 1983) that precede tension development. The identification of the
origin of the intrinsic optical changes must await precise measurement of light
scattering per se. Laser light-scattering experiments, particularly in simplified
model systems (e.g., secretosome and vesicle suspensions), should assist in the
interpretation of the intrinsic optical signals. In particular, optical heterodyning
and homodyning techniques (Earnshaw and Steer, 1983) using photon correla-
tion spectroscopy should provide important information about the identity of
the scatterers. In any event, the weak dependence on wavelength of the signal
reflecting secretion, contrasted with the strong wavelength dependence of the
extrinsic absorption signal provided by linear potentiometric probes (Ross et al.,
1974; Cohen and Salzberg, 1978; Salzberg, 1983) (e.g., merocyanines), should
permit one to monitor simultaneously, in a stained preparation, the voltage
changes inthe nerve terminals and the time course ofevents intimately associatedSALZBERG ET AL .
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with the release of secretory products . The inherently fast responses of the two
optical measurements might then improve our ability to resolve early events in
the coupling of excitation to secretion .
We are grateful to Drs . L. B. Cohen andD. B. Sattelle for their comments on the manuscript,
and to Professor Sir Bernard Katz for his kind encouragement.
Supportedby U.S . Public Health Service grant NS 16824 .
Original version received 21 January 1985 and accepted version received 8 May 1985 .
REFERENCES
Armstrong, C. M., and S . R. Taylor . 1980 . Interactionof barium ions with potassium channels
in squid giant axons . Biophys.J. 30:473-488 .
Armstrong, C. M., R. P. Swenson, and S . R. Taylor. 1982 . Block of squidaxon K channels by
internally and externally applied barium ions.J. Gen . Physiol . 80:663-682 .
Barry, P. H., and A. B. Hope . 1969 . Electroosmosis in membranes : effects of unstirred layers
and transport numbers. Biophys .J . 9:700-728 .
Bezanilla, F., andP. Horowicz. 1975 . Fluorescence intensitychanges associated with contractile
activation in frog muscle stained with Nile Blue A.J . Physiol . (Lond.) . 246:709-735 .
Castel,M.,H. Gainer, andH. D. Dellmann . 1984 . Neuronal secretory systems. Int. Rev . Cytol .
88:303-459 .
Cohen, L. B. 1973 . Changes in neuron structure during action potential propagation and
synaptic transmission . Physiol. Rev . 53 :373-418 .
Cohen, L. B., R. D. Keynes, and D. Landowne. 1972a . Changes in light scattering that
accompany the action potential in squid giant axons : potential-dependent components . J .
Physiol . (Loud.). 224:701-725 .
Cohen, L. B., R. D. Keynes, and D. Landowne . 1972b . Changes in axon light scattering that
accompanythe action potential: current-dependent components .J . Physiol . (Lond .). 224:727-
752 .
Cohen, L . B., andD. Landowne . 1970 . Changes in light scattering during synaptic activity in
the electric organof the skate, Raia erinacea . Biophys . J . 10:16a . (Abstr .)
Cohen, L. B., and B. M. Salzberg. 1978 . Optica l measurement of membrane potential . Rev .
Physiol . Biochem. Pharmacol. 83:33-88 .
Dellman, H.-D . 1973 . Degeneration and regeneration of neurosecretory systems . Int . Rev .
Cytol . 36:215-315 .
Dicker, S. E. 1966 . Release of vasopressin and oxytocin from isolated pituitary glands of adult
andnew-born rats .J . Physiol. (Lond.). 185:429-444 .
Dodge, F., andR. Rahamimoff. 1967 . Cooperative action of calcium ions in transmitter release
at the neuromuscular junction .J . Physiol. (Lond.). 193:419-432 .
Douglas, W. W. 1963 . A possible mechanism of neurosecretion-release of vasopressin by
depolarization and itsdependence on calcium . Nature (Lond.). 197:81-82 .
Douglas,W.W. 1978 . Stimulus-secretion coupling: variations on the theme of calcium activated
exocytosis involving cellular and extracellular sources of calcium . Ciba Found. Symp . 54:61-
90 .
Douglas, W. W., and A. M. Poisner . 1964 . Stimulus secretion coupling in a neurosecretory
organ and the role of calcium in the release of vasopressin from the neurohypophysis. J.
Physiol . (Lond.) . 172:1-18 .410
￿
THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 86 - 1985
Dreifuss, J . J ., I . Kalnins, J . S . Kelly, and K . B . Ruf. 1971 . Action potentials and release of
neurohypophysial hormones in vitro .J. Physiol. (Load.). 215:805-817 .
Earnshaw, J . C ., and M . W . Shaw, editors . 1983 . The Application of Laser Light Scattering to
the Study of Biological Motion . NATO ASI Series A : Life Sciences. Vol . 59 . Plenum Press,
New York . 705 pp .
Eaton, D . C ., and M . S . Brodwick . 1980 . Effect s of barium on the potassium conductance of
squid axon . J. Gen. Physiol. 75:727-750 .
Englert, D., and C . Edwards . 1977 . Effect of increased potassium concentrations on particle
motion within a neurosecretory structure . Proc . Natl . Acad . Sci . USA . 74:5759-5763 .
Fiekers, J . F . 1983 . Effects of the aminoglycoside antibiotics, streptomycin and neomycin, on
neuromuscular transmission . I . Presynaptic considerations .J . Pharmacol. Exp. Ther. 225:487-
495 .
Frankenhaeuser, B ., and A . L . Hodgkin . 1956 .The after-effects of impulses in the giant nerve
fibres ofLoligo . J. Physiol. (Lond .). 131 :341-376 .
Frankenhaeuser,B ., andA . L . Hodgkin . 1957 .The action ofcalcium on the electrical properties
of squid axons . J. Physiol. (Lond .). 137:218-244 .
Girardier, L., J . P . Reuben, P . W . Brandt, and H . Grundfest . 1963 . Evidence for anion-
permselective membrane in crayfish muscle fibers and its possible role in excitation-contrac-
tion coupling .J. Gen . Physiol. 47:189-214 .
Glascoe, P . K ., and F . A . Long . 1960 . Use of glass electrodes to measure acidities in deuterium
oxide.!. Phys . Chem . 64:188-190 .
Grinvald, A . 1985 . Real-time optical mapping of neuronal activity: from single growth cones
to the intact mammalian brain . Annu . Rev. Neurosci . 8:263-305 .
Grinvald, A ., L . B . Cohen, S. Lesher, and M . B . Boyle . 1981 . Simultaneous optical monitoring
of activity of many neurons in invertebrate ganglia using a 124-element photodiode array .
J . Neurophysiol . (Bethesda). 45:829-840 .
Grinvald, A ., A . Manker, and M . Segal . 1982 . Visualization of the spread of electrical activity
in rat hippocampal slices by voltage-sensitive optical probes .J . Physiol. (Loud .) . 333:269-291 .
Kaminer, B . 1960 . Effect of heavy water on different types of muscle and on glycerol-extracted
psoas fibres . Nature (Lond.) . 185:172-173 .
Katz, B . . 1969. The Release of Neural Transmitter Substances . CharlesC Thomas, Springfield,
IL . 193 pp .
Kovacs, L ., and M . F . Schneider . 1977 . Increased optical transparency associated with excita-
tion-contraction coupling in voltage-clamped cut skeletal muscle fibers . Nature (Lond .) .
265:556-560 .
Lacy, P. E., M . M . Walker, and C . J . Fink . 1972 . Perfusion of isolated rat islets in vitro .
Participation of the microtubular system in the biphasic release of insulin . Diabetes . 21 :987-
998 .
Neering, 1 . R ., and R . N . McBurney. 1984 . Role of microsomal Ca storage in mammalian
neurones? Nature (Lond. ). 309:158-160 .
Nordmann, J . J . 1977 . Ultrastructural morphometry of the rat neurohypophysis. J . Anat.
123:213-218 .
Nordmann, J . J . 1983 . Stimulus-secretion coupling . Prog . Brain Res. 60:281-304 .
Nordmann, J . J., and J . J . Dreifuss . 1972 . Hormone release evoked by electrical stimulation of
rat neurohypophyses in the absence of action potentials . Brain Res. 45:604-607 .
Obaid, A . L ., H . Gainer, and B. M . Salzberg. 1983. Optical recording of action potentials from
mammalian nerve terminals in situ . Biol. Bull. Mar. Biol. Lab . 165:530 . (Abstr .)
Obaid, A . L ., H . Gainer, and B . M . Salzberg . 1984 . Light scattering changes associated withSALZBERG ET AL .
￿
Light-scattering Changes in Vertebrate Nerve Terminals
￿
411
secretion at the nerve terminals ofa mammalian neurohypophysis . Proc . V111th Intl . Biophys .
Congr . (Bristol). IUPAB . 232 . (Abstr .)
Obaid, A. L ., R . K . Orkand, H . Gainer, and B . M . Salzberg. 1985 . Active calcium responses
recorded optically from nerve terminals ofthe frog neurohypophysis .J . Gen. Physiol. 85:481-
490 .
Parsons, T . D ., A . L. Obaid, and B . M . Salzberg. 1985 . Light scattering changes associated
with secretion from nerve terminals of the mammalian neurohypophysis are depressed by
aminoglycoside antibiotics . Biophys.J . 47:447x . (Abstr .)
Petersen, O . H . 1980 . The Electrophysiology of Gland Cells. Monograph of the Physiological
Society No . 36 . Academic Press, Inc ., New York . 253 pp .
Piddington, R . W ., andD . B . Sattelle . 1975 . Motion in nerve ganglia detected by light-beating
spectroscopy . Proc. R. Soc . Lond . B Biol . Sci . 190:415-420.
Poulain, D . A ., and J . B. Wakerley . 1982 . Electrophysiology of hypothalamic magnocellular
neurons secreting oxytocin and vasopressin . Neuroscience . 7 :773-808 .
Rios, E ., W . Melzer, and M . F . Schneider . 1983 . An intrinsic optical signal is related to the
calcium transient of frog skeletal muscle . Biophys.J . 41 :396x . (Abstr .)
Ross, W . N ., B . M . Salzberg, L . B . Cohen, and H . V. Davila . 1974 . A large change in dye
absorption during the action potential . Biophys. J . 14:983-986 .
Rubin, R . P . 1974 . Calcium and the Secretory Process . Plenum Press, New York . 45-46 .
Salzberg, B . M . 1983 . Optical recording ofelectrical activity in neurons using molecular probes .
In Current Methods in Cellular Neurobiology .J. L . Barker and J . F . McKelvy, editors. John
Wiley & Sons, New York . 3:139-187 .
Salzberg, B . M ., A . Grinvald, L . B . Cohen, H . V . Davila, and W . N . Ross . 1977 . Optica l
recording of neuronal activity in an invertebrate central nervous system : simultaneous
monitoring of several neurons .J . Neurophysiol. (Bethesda). 40:1281-1291 .
Salzberg, B . M ., A . L . Obaid, R . K . Orkand, and H . Gainer. 1984 . Light scattering changes
accompany secretory activity at the nerve terminals of vertebrate neurohypophyses . Biophys.
J . 45:314x . (Abstr.)
Salzberg, B . M ., A . L . Obaid, D . M . Senseman, and H . Gainer . 1983 . Optical recording of
action potentials from vertebrate nerve terminals using potentiometric probes provides
evidence for sodium and calcium components. Nature (Lond . ) . 306:36-40 .
Senseman, D . M ., and B . M . Salzberg . 1980 . Electrical activity in an exocrine gland : optical
recording with a potentiometric dye . Science (Wash . DC). 208:1269-1271 .
Senseman, D . M ., H . Shimizu, I . S . Horwitz, and B . M . Salzberg. 1983 . Multiple-site optical
recording of membrane potential from a salivary gland .J . Gen. Physiol. 81 :887-908 .
Shaw, T . I ., and B . J . Newby . 1972 . Movement in a ganglion . Biochim . Biophys. Acta . 255:411-
412 .
Standen, N . B . 1981 . Ca channel inactivation by intracellular Ca injection into Helix neurones .
Nature (Lond.) . 293:158-159 .
Standen, N . B ., and P . R . Stanfield . 1978 . A potential- and time-dependent blockade of inward
rectification in frog skeletal muscle fibres by barium and strontium ions . J . Physiol . (Lond .).
280:169-191 .
Svensmark, O . 1961 . The effect of deuterium oxide on the mechanical properties of muscle .
Acta Physiol. Scand . 53:75-84 .
Tyndall, J . 1876 . The optical deportment of the atmosphere in relation to the phenomena of
putrefaction and infection . Philos. Trans . R. Soc. Lond. B Biol . Sci. 166:27-74 .
Vergara, C ., and R . Latorre . 1983 . Kinetics of Ca2'-activated K' channels from rabbit muscle
incorporated into planar bilayers . Evidence for Cat' and Bat' blockade . J. Gen . Physiol.
82 :543-568 .